subunit seem to be unable to reach synaptic localizations. Here we show for the first time that the ␣ 1 intracellular loop (M3/M4) domain has a relevant role in controlling the lateral mobility of GABA A Rs in neurons, and we believe that this is a novel and important contribution in neurobiology of GABA A receptors.
Introduction
Our understanding of synaptic functionality and plasticity is changing from a static to a dynamic point of view [Collingridge et al., 2004] . Neurotransmitter receptors are no longer considered as inert bodies kidnapped on the synaptic regions. The finding that extrasynaptic domains of neurons are packed with receptors [Nusser et al., 1998; Rusakov and Kullmann, 1998; Kullmann et al., 2005] led to the hypothesis that receptors are able to move in and out of the synapse. In fact, the lateral mobility of several receptors has already been demonstrated [Peran et al., 2001; Borgdorff and Choquet, 2002; Dahan et al., 2003; Peran et al., 2004 Peran et al., , 2006 and seems to be a mechanism that enables neurons to route receptors to specific domains on the cell surface. This new notion of synaptic plasticity has been enhanced by the finding that the lateral motility of neurotransmitter receptors depends on subunit composition [Groc et al., 2004] .
We have previously shown, using the technique of fluorescence recovery after photobleaching (FRAP) , that native ␥ -aminobutyric acid receptors type A (GABA A Rs) are immobile on the cell surface of cerebellar granule cells [Peran et al., 2004] . In addition, we have recently presented new data that demonstrate the implication of the intracellular loop M3/M4 of the ␣ 1 subunit in controlling the lateral mobility of GABA A Rs in a nonneuronal cell type [Peran et al., 2006] . While those experiments are indicative, it is necessary to extend the study to cells of the central nervous system to have a more realistic understanding of the mechanisms directing the distribution and cell surface maintenance of GABA A Rs in neurons. Here we demonstrate for the first time the role of the intracellular loop M3/M4 of the ␣ 1 subunit in restricting the lateral mobility of GABA A Rs in cerebellar granule cells.
Materials and Methods
Granule cells were prepared as described previously [Hatten, 1985] . Briefly, cerebella were dissected from the brains of P6 mice, and the tissue was treated with trypsin and triturated into a single-cell suspension using fine-bore Pasteur pipettes. The suspension was layered onto a discontinuous Percoll gradient and separated by centrifugation. The small-cell fraction was then isolated rendering cultures that routinely contain 90% granule cells and 10% glial cells. Cerebellar granule cells have a simple morphology with an average of only 4 short dendrites. FRAP experiments were carried out on cerebellar granule cells after morphological examination.
Cerebellar granule cells were tranfected with 2 constructs: ␣ 1 CH (control subunit), a chimera containing all amino acids from the rat ␣ 1 subunit except 1 amino acid from the bovine ␣ 1 sequence, which confers ␣ 1 subunit-specific antibody binding, and ␣ 1 CD (cytoplasmic loop deleted), which bears the same mutation of ␣ 1 CH (for antibody binding) and lacks the M3/M4 cytoplasmic loop. For a detailed explanation of how these constructs were prepared, see Peran et al. [2006] .
Cells were plated on 35-mm poly-D -lysine-coated dishes and transfected with Lipofectamine (Gibco-BRL) following the manufacturer's instructions. Cells were analysed 48 h after transfection. Mock transfections were performed with vector only.
For immunocytochemistry, the bottoms of culture dishes were replaced by coverslips which permitted direct viewing of live cells using a high numerical aperture objective in an inverted microscope. Transfected cells were washed twice in PBS, then incubated at 4 ° C with BODIPY-Fab fragments of the ␣ 1 subunit-specific antibody (bd24, which recognizes the bovine and human but not the rat ␣ 1 subunit; Boehringer) in growth media for 20 min. Images were obtained using a Bio-Rad Microradiance confocal microscope. Images were transferred to Adobe Photoshop 7.0.
Fluorescently labelled anti-␣ 1 Fab antibody fragment probes for FRAP and immunocytochemistry were produced by digesting 10 g of the bd24 antibody with 1 g of papain in 0.2 m M Na-acetate, pH 5, 1 M cysteine and 20 m M EDTA for 15 h at 37 ° C. Iodoacetamide was then added to a final concentration of 75 m M and incubated for 30 min at room temperature. Fab fragments were purified by Protein A column chromatography (Pierce). For direct labelling, Fab fragments were conjugated with the fluorophore BODIPY 493/503, SE (Molecular Probes). Fab fragments were diluted to 900 l in 0.1 M sodium carbonate, pH 9.2, and 50 l BODIPY 493/503, SE (1 mg/ml) was added in 5-l aliquots, with gentle, but continuous stirring. The reaction was incubated in the dark for 8 h at 4 ° C, after which unbound dye was removed by Sephadex G-10 column chromatography (Sigma).
Cells for FRAP were washed in phenol red-free MEM prior to experimentation. GABA A Rs on living cells were labelled with 100-200 l of Fab ␣ 1 -BODIPY (0.01-g/ l) diluted in 500 l redfree MEM per 35-mm plate of cells at room temperature for 20 min in the dark. The cells were gently washed 3 times with PBS and transferred to a microscope stage maintained at 22-24 ° C. For FRAP experiments, a 63 ! and 1.2 numerical aperture water immersion objective was used directly in the culture dish. A Zeiss Universal fluorescence microscope was used with an argon-ion monitoring laser ( = 498 nm, 5 mW). The beam was focused to a Gaussian radius of 1.2 m and an approximately 2-m 2 region of membrane was illuminated by a brief (10-200 ms) laser pulse (5 mW), photobleaching approximately 75% of the initial fluorescence. The time course of fluorescence recovery was followed with an attenuated monitoring beam. D C and F were determined by curve-fitting procedures based on theoretical models described previously [Axelrod et al., 1976] . Single FRAP measurements were taken from each cell. Positive granule cells were localized due to major fluorescence intensity. To avoid long expositions of the cell preparation and possible loss of cell vitality, only a few measurements were carried out for each experiment.
Results
The fluorescence patterns of transfected granule cells revealed that both ␣ 1 CH and ␣ 1 CD subunit proteins were expressed in clusters on the cell surface ( fig. 1 ). This represents strong evidence that the transfected subunits had been properly edited and assembled with native subunits into receptors, because we have previously shown that homo-oligomers of wild-type ␣ 1 and both ␣ 1 subunit chimeras (with or without an intracellular M3/M4 loop) are retained in an intracellular compartment and need the association with ␤ subunits to reach the cell surface [Peran et al., 2001 [Peran et al., , 2004 .
Differences between the localization of GABA A Rs containing the ␣ 1 CH and ␣ 1 CD subunits were noticed. ␣ 1 CH subunit-containing receptors were found located clustered at the soma, dendrites and axon of cultured cerebellar granule cells ( fig. 1 d) . On the other hand, receptors containing the ␣ 1 CD subunit, which lacked the M3/ M4 cytoplasmic loop, were expressed mainly at the cell somas ( fig. 1 a-c) . These receptors containing the ␣ 1 CD subunit were not able to leave the somatic location and migrate to the dendrites, although they still formed large receptor clusters ( fig. 1 a, b) .
FRAP measurements showed marked differences in the lateral motilities of receptors containing the ␣ 1 CH or ␣ 1 CD subunits when expressed in cerebellar granule cells ( fig. 2 ) . The recombinant receptors were selectively labelled with the BODIPY-Fab fragment of the ␣ 1 subunitspecific antibody bd24. The use of BODIPY-Fab-␣ 1 minimizes the disadvantage of the larger size of the probes used in single-particle tracking experiments. To avoid cell death during the course of the experiment, only a few positive cells of each plate were localized and subsequently examined by FRAP.
␣ 1 CH subunit-containing receptors were generally immobile on the time scale of the FRAP experiment. Due to the limitations of the FRAP detection system, photobleached receptors that show percentage recoveries below 20% are considered to be essentially immobile. When the cytoplasmic loop of the ␣ 1 subunit was deleted, the mobility patterns of the expressed receptors containing this truncated ␣ 1 subunit ( ␣ 1 CD ) changed dramatically ( fig. 2 ) . Generally, these receptors were converted from being immobile or tethered to being mobile. Close inspection of the data, however, reveals that 2 populations of cells can be clearly distinguished ( fig. 2 ). One population (population I) whose receptors appear to be freely mobile and another (population II) in which the receptors have a more restricted mobility but nevertheless are more mobile than receptors in control-transfected cells ( ␣ 1 CH ). Population I was found to express receptors which were freely mobile on the cell surface, with recoveries ranging from 63 to 93% with a mean grouping of 75-85% recovery. The excision of the cytoplasmic loop from the ␣ 1 subunit appears to have released these receptors from interactions with the mobility-restraining elements. The receptors expressed in the remainder of the immunopositive cells (population II) had mobile fractions from 25 to 48% recovery that centred on the 30-39% recovery grouping (n = 22; fig. 2 ). One possible explanation might be that depending on transfection efficiency, some cells would mainly express complexes that contained only truncated ␣ 1 CD subunits, whereas other cells, which had incorporated less foreign ␣ 1 CD cDNA, would express complexes containing a combination of the native type ␣ 1 with the foreign ␣ 1 CD . Receptors containing 2 ␣ subunits have been previously described [Backus et al., 1993; Khan et al., 1994 , Pollard et al., 1995 . Expressed complexes containing only the truncated ␣ 1 CD subunit (with no cytoplasmic loop) would be predicted to be freely mobile. In contrast, complexes containing the native or wild-type ␣ 1 subunit and the foreign type ␣ 1 CD subunit would be tethered by the intact cytoplasmic loop M3/M4 of the wild-type ␣ 1 subunit included in the complex.
Discussion
The data presented here suggest that GABA A Rs may interact via the cytoplasmic loop of the ␣ 1 subunit with scaffold proteins. Those scaffold proteins, probably not linked to the cytoskeleton, would act as ballast avoiding the free lateral diffusion of the receptors. We hypothesize that receptors are derived to the synapses by the involvement of another type of proteins that are linked to the cytoskeleton and actively transport the scaffold-receptor complex to the synapse operating as a barge. Those barge proteins may respond to concentration variation of regulatory molecules due to neuronal activity. In fact, AMPA receptor mobility has been shown to be modulated by Ca 2+ increases [Borgdorff and Choquet 2002] , indicating that neuronal activity can regulate lateral diffusion of receptors [Groc et al., 2004] . The synapse is a highly specialized and organized domain of the neuron. A perfect match between the secreted neurotransmitter and the apposed postsynaptic receptors needs to be gained [Craig and Boudin 2003] . Therefore, the entry of neurotransmitter receptors to the synapse must be a tightly regulated mechanism. We postulate that the scaffold proteins would provide the receptors with the passport necessary to enter the synapse domains. Cerebellar granule cells show a relatively simple synaptic organization: they are activated by glutaminergic mossy fibres and receive GABA from local Golgi cells only on their distal dendrites [Ottersen et al., 1998; Dupont et al., 2006] . Thus, the data presented here may indicate that only competent receptors will be able to interact with the suitable scaffold proteins and reach a synaptic localization.
In fact, we have shown that receptors containing the truncated ␣ 1 CD lacking the cytoplasmic loop were not able to leave the soma, suggesting that those receptors could not interact with the scaffold proteins. In addition, receptors containing truncated ␣ 1 CD together with endogenous ␣ subunits are less mobile, but nevertheless did not show a totally free diffusion. The native ␣ subunit included in the complex would act as ballast, but will not be enough to completely immobilize the receptors.
The association of scaffold molecules with neurotransmitter receptors outside the synapse and their participation in the regulation of trafficking have been described elsewhere [DeSouza and Ziff, 2002; Wenthold et al., 2003; Meier and Grantyn, 2004] . Further complexity on the processes that localize inhibitory neurotransmitter receptors at postsynaptic sites emerges from GABA A Rs comprising a highly heterogeneous set of membrane proteins that are differentially expressed in mammalian neurons. New findings in the study of GABA A Rs support the idea that the subunit composition of the complexes determines the type of scaffold proteins that bind to the receptors [for review, see Lüscher and Keller, 2004] . For instance, gephyrin and dystrophin have been described as clustering proteins for GABA A Rs. Although these proteins seem to regulate the synaptic clustering of GABA A Rs, they do so by distinct mechanisms [Knuesel et al., 1999] .
In conclusion, here we show a direct and new implication of the M3/M4 cytoplasmic loop of the ␣ 1 subunit in restricting the lateral mobility of GABA A Rs in neuronal cells. We hope these studies will help gain a better understanding of the complexity of neuronal synaptic plasticity.
